ABSTRACT
INTRODUCTION
Perpetual growth in annual demand for enantiomerically pure chiral compounds occurs in the chemical, biochemical and pharmaceutical industries [1] , the main focus being the study of (i) enantiospecific heterogeneous catalysis, bio-functionality, bio-toxicity effects in biochemical phenomena and (ii) pharmaceuticals development and manufacturing, associated with different enantiomers in vivo. Initial interest in enantiospecific heterogeneous catalysis is traced to the study of Orito reaction [2] , carried out nearly two decades ago, wherein cinchonidine was employed as a chiral modifier for platinum surfaces in ± ketoester hydrogenation reactions. Subsequently the above reaction is applied to different reactants and modifiers [3] . An alternate approach in the development of technology for enantiospecific production of useful compounds is based on the chemistry of the metal catalyst itself, rather than the reactants and modifiers chosen. The examination and initial nomenclature suggestions for chiral surface sites on metal surfaces such as the chiral kinks associated with the Pt (643) surface may offer the key to enantiomeric selection in adsorbates. It was the pioneering work of Sholl [4] employing various crystal faces of Pt such as Pt(111) and Pt(643), on the behaviour of dimethylcyclopropane and limonene, through umbrella-sampled Monte Carlo (MC) simulation techniques that pointed out the feasibility of enantiomeric selection in adsorption and desorption studies.
The results are in agreement with the analysis of Gellman et al [5] . which indicated that there should be appreciable experimentally detectable differences Hovarth and Gellman [7] observed that propylene oxide and methylcyclohexane underwent adsorption -desorption phenomena on chiral copper surfaces Cu(111) and Cu(643). Once again, for certain permutations of binding of species such as R-3-methylcyclohexane on Cu(643) surface, there are observable enantiospecific effects associated with the kink site. As mentioned earlier, another scenario of interest involves chiral molecules adsorbed on achiral surfaces such as the (100), (110), or (111) face of an fcc crystal, for example glycine on Cu(001) surfaces [8] . It is also possible to induce chirality effects in pro-chiral molecules such as glycine adsorbed on achiral lattice faces. It was observed that the rate of deposition of adsorbate is a critical driving force in dictating the magnitude and nature of surface rearrangement.
Apart from glycine, interfacial behaviour of other aminoacids such as alanine, aspargine, aspartic acid etc have also been studied. Zhao et al [8] have investigated the adsorption behavior of amino acids on the Cu(100) (or Cu(001 according to [8] ). Amino acids with large alkyl groups characterized by carboxyl 
SALIENT FEATURES OF THE METHODOLOGY Molecular Dynamics (MD) and Monte Carlo (MC) simulations
The MD simulation study for binding energies makes use of Hartree -Fock -Density Functional Theory (DFT) results obtained with Becke's threeparameter hybrid-exchange functional and the gradient-corrected non-local correlation functional of Lee, Yang and Parr (B3LYP) [9] , using the Gaussian 03 software [10] . All electron calculations using the split valence basis set were performed at B3LYP/6-31G level. The floppy molecules under study exist in shallow potentials and extensive computer time is needed for structural optimization due to very slow convergence. We imposed stringent convergence criteria using SCF = TIGHT option, in order to achieve Self-Consistent-Field (SCF) convergence [11] . Because of the large amount of computer time required to arrive at the optimized geometries, the basis set for structural optimization was restricted at the split valence level 6-31G, although 6-31G* basis set which includes polarization correction is known to be more accurate [11] . However, single point B3LYP/6-31G*//B3LYP/6-31G calculations were done at the B3LYP/6-31G optimized geometries.
The alanine molecules at the center of the cubic box were assumed to jump to a distance of 0.5 Å, on account of the applied potential ( app φ 
SIMULATION DETAILS (A) Molecular Dynamics Simulation
Since the lowest energy conformations are the main focus of the study, we generated the D-and L-alanine tetramer conformations with the maximum number of intermolecular H-bonds. Starting from the optimized monomer conformation (both L-and D-), the second, third and fourth alanine units were oriented such that maximum number of H-bonds exist between the alanines.
These conformations were then subjected to complete structural optimization at B3LYP/6-31G level. The suitability of the DFT method to yield reliable predictions on H-bonding interactions is established in earlier studies [12] [13] [14] [15] [16] [17] [18] .
Since the starting structures are chosen with maximum H-bonding interactions, natural bond orbital (NBO) analysis [19] [20] [21] and the covalent interactions were examined using covalent bond orders [22] . Vibrational frequencies were calculated at the B3LYP/6-31G optimized geometries to ascertain their true minima status. No imaginary vibrational frequencies were present and thus the optimized structures were confirmed to be true minima in the potential energy surface. Zero-point vibrational energies (ZPE) were scaled by a factor of 0.9614 which was found suitable for B3LYP/6-31G* calculations [23] . Single point energy calculations were carried out at the B3LYP/6-31G*//B3LYP/6-31G level by making use of the B3LYP/6-31G optimized geometries. The total energies and the zero-point vibrational energies are presented in Table S1 in the Supporting Information. Stabilization energy of a given system E ∆ is obtained by subtracting the total energies of the components from the total energy of the system as shown below:
(B) Monte Carlo simulation
The simulation was carried out in the NTP ensemble and the system consisting of the alanine molecules was placed in a cubic box of length l Å.
The simulation is performed for the chosen number density (molecules/cm 3 ) of alanine. Boundary conditions were employed and the cube was confined (rigidly fixed) along z-axis. The molecules were initially placed at the center of the cube where it was equilibrated for 0.03 pico seconds whereas the experimental time for the molecules to feel the applied potential is 1 sec (vide infra) and allowed to move in x and y direction depending upon the initial displacement of the molecule. The distance ( total d ) traveled by the molecules will be half the length of the cube ( total ∆ is assumed to be zero (the molecules are at the center of the cube). For every value of the applied potential ( app
Choice of input parameters for the Monte Carlo Simulation
∆ is calculated from an empirical expression
where ' x ' denotes the expected displacement of the molecules (here assumed as half of the hydrogen bonding distance (0.5A 0 ) since in each displacement of the molecules the hydrogen bond is broken and formed simultaneously), exp t being the experimental time of one sec [24] and eq t is the equilibration time during simulation. The ratio t exp /t eq will provide the equilibration of the structures when the potential app φ is applied. Here the expected displacement is assumed to be half the hydrogen bonding distance, since the only driving force for the tetramer structures is the hydrogen bonding between the four individual molecules. The hydrogen bonding distance is divided by two since during the simulation the alanine tetramers are allowed to move in either of the two directions x and y. While d ∆ is the expected displacement for each alanine tetramer from its original position, the actual displacement ' d ' will be larger than this on account of the hydrogen-bonding between the four alanine molecules. 
Adsorption of Enantiomers on Metal
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Simulation methodology
In order to obtain the number of alanine molecules that reach the surface of the cube (equivalently the metal surface) random numbers are generated employing energy criterion as follows:
Eqn (13) 
If the generated random number satisfies eqn 16, then D-alanine adsorbs on the metal surface, totalD E being the adsorption energy of the D-alanine molecules obtained from eqns (13) and (14) . On the other hand, if the generated random number satisfies eqn 17, then L-Alanine gets adsorbed, totalL E being the adsorption energy of L-alanine on the metal. Scheme1 indicates the steps involved in the simulation methodology.
RESULTS AND DISCUSSION (A) Molecular dynamics simulation (i) Hydrogen bonding interactions in the tetrameric clusters of D-alanine and L -alanine
The fully optimized geometries of the tetrameric alanines shown in Figure   1 In the case of racemic mixture,
(condition 1) and The lengths and angles of these H-bonds are about 2.15 Å and 150° (Table 2) . It is seen from Table 3 , that the energy of the tetramer is lowered by 8 kcal/mol as compared to the energy of 4 non-interacting alanines, indicating that the stability per H-bond is about 2.7 kcal/mol, according to B3LYP/6-31G calculations with ZPE correction. The cluster is predicted to be marginally more stable (8.4 kal/mol) at B3LYP/6-31G*// B3LYP/6-31G level. Table 4 . The covalent bond orders are shown inside parenthesis. (Table 3) . as reflected by the increase in the H-bond length to 2.25-2.30 Å in the metal complexes as compared to the value of 2.15 Å in (L-ala) 4 . The H-bond angle for the above bonds decreases by ~15° in the Ni and Cu complexes but the angle gets widened to 153.5° in the Zn complex ( Table 2) . As the interactions with the metal centers increase the negative charges on the oxygen atoms of L-ala 4 , the H-bond between L-ala 3 and L-ala 4 is strengthened further and the H-bond length is decreased by ca. 0.15 Å. The H-bond between L-ala 1 and L-ala 2 is however, not affected in the metal complexes.
Although the L-tetramer of alanine is energetically less stable than the D-tetramer (Table 3 ), the present study shows that in the bimetallic complex, the two metal atoms lead to stronger stabilizing interactions with the electronegative centers in L-ala 3 and L-ala 4 units than in the D-analogue. This is evident from a comparison of distances and bond orders collected in Tables 4 and 5 and (iii) different number densities (100 and 150). Although the number of molecules is ~ 10 2 , they were chosen in order to demonstrate the adsorption energy differences even when low concentrations are employed.
We have simulated the adsorption of the pure (D-ala) 4 as well as (L-ala) 4 enantiomers on the metal electrodes by separately taking 100 (or 150) molecules inside a cubic box of length 10 Å (or 15 Å). Table 6 It is evident that the increase in the adsorption of the L-alanine tetramer is due to the increase in the stability of the metal complex (L-ala) 4 M 2 formed (Table 3) . Further, it is observed that the number of L-species adsorbed also depends on the magnitude of the relative stabilization between the L-and the D-analogues. The DFT calculations using the polarized basis set at the B3LYP/6-31G*//B3LYP/6-31G level predict increased relative stabilities as compared to B3LYP/6-31G calculations with and without ZPE correction. The present Monte Carlo simulation reveals that the number of (L-ala) 4 species adsorbed on a given metal electrode is highest at B3LYP/6-31G*//B3LYP/6-31G level of calculation. Another interesting observation is that the tendency for D-species to get adsorbed is more pronounced when a racemic mixture is employed as shown in Table 6 .
Adsorption of Alanine tetramer on Nickel
For a fixed number of 100 and 150 D-enantiomer molecules chosen initially, the simulation indicates that ca.1 to 3 molecules get adsorbed on the nickel surface. On the other hand, for 100 and 150 (L-ala) 4 molecules taken inside the cube, 19 and 29 molecules are adsorbed on the Ni surface, respectively, at the B3LYP/6-31G*// B3LYP/6-31G level (Table 6 ). This observation reveals that adsorption of the L-alanine tetramer is more facile than the D-analogue and this behavior is attributed to additional stabilization energy for the L-alanine tetramer-Ni 2 complex, which is 48.9 kcal/mol more than that in the D-complex. The number of (L-ala) 4 adsorbed on the nickel surface is predicted to be about 14% and 13% respectively at B3LYP/6-31G level with and without ZPE correction, as expected from the decreased relative stabilities of 38 and 33 kcal/mol. Table 6 shows that the adsorption of alanine tetramer on copper electrode follows analogous trend as in the case of Ni electrode. However, the number of L-species adsorbed is significantly higher and ranges from 21 to 36 (when 100 alanine molecules are initially assumed) or 38 to 58 (for 150 initial molecules)
Adsorption of Alanine Tetramer on Copper
whereas the corresponding number of D -alanine tetramer adsorbed is roughly 10 % of the above value. The significant increase in the adsorption of L-species is due to the large stabilization energy difference between the L-and D-alanine tetramers on copper surface. As seen from Table 3 , the stabilization energy of L-alanine tetramer-Cu 2 complex is nearly twice that of the corresponding D-counterpart.
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Adsorption of Alanine Tetramer on Zinc
In this case too, the number of L -alanine tetramer molecules getting adsorbed is ca. 10 times larger than the D-species as shown in Table 6 . It is noticed that the number of D-and L-molecules adsorbed on zinc surface is nearly same as that on nickel surface, although the stabilization energy difference between the L-and D-alanine tetramer-Zn 2 complex is small (Table 3) .
Adsorption of Racemic Mixture of Alanine Tetramer on metal electrodes
When a racemic mixture is used for the Monte Carlo simulation study, the present methodology indicates that the adsorption of D-alanine tetramer occurs rather than L-alanine on the metal surfaces (M=Ni, Cu, Zn) (cf. Figure 1 , it may be inferred that the L-alanine tetramer is bulkier than the D-analogue, which has more stabilizing H-bonding interactions and thus possesses a compact structure. This is quantified from the molar volumes computed at the B3LYP/6-31G optimized geometries using the Gaussian software.
[10] It is clear from Table 8 The stabilization energies (Table 3) used as input parameters in the present MD simulation analysis were generated by DFT calculations in vacuum.
Although solvents are expected to play important role in the stabilization energies and structures of molecules in general, our calculations for the systems under study in water medium using the Onsager model, [25] [26] [27] at the B3LYP/6-31G optimized geometries in vacuum, show only minor changes in the total energies and in the stabilization energies (Table S1 in (Table S1 ). In the remaining systems studied, the difference in the stabilization energies in water and vacuum is much less than 1 kcal/mol. This clearly indicates that the interactions between the solvent water and the solute molecules under study are very small. Thus it is reasonable to assume that the structure in the aqueous solution is very close to that of the corresponding vacuum optimized structure. Thus, although the role of solvent is not included herein, the insights obtained from the present analysis are expected to be valid in solution also.
SUMMARY
The stabilisation energies of tetrameric structures of D-and L-alanine molecules at the as well as at Cu, Ni and Zn electrodes were studied using molecular dynamics simulation at B3LYP/6-31G level. These stabilization energies were employed as the input parameters in estimating the adsorption energy difference between D-and L-alanine tetrameric molecules using a novel simulation methodology. This approach, which invokes the energy ratio as the Table S1 gives the total energies and zero-point vibrational energies in Table S2 . Tables S3 to S28 contain the step-wise adsorption energy differences between D and L alanine pertaining to Ni, Cu and Zn at 0.001V, 0.01V and 0.1 V for different box lengths 
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